Z-portal dark matter by Arcadi, GiorgioLaboratoire de Physique Théorique  Université Paris-Sud,  F-91405 Orsay, France et al.
J
C
A
P03(2015)018
ournal of Cosmology and Astroparticle Physics
An IOP and SISSA journalJ
Z-portal dark matter
Giorgio Arcadi,a,c Yann Mambrinia and Francois Richardb
aLaboratoire de Physique The´orique Universite´ Paris-Sud,
F-91405 Orsay, France
bLaboratoire de l’Acce´le´rateur Line´aire,
IN2P3/CNRS and Universite´ Paris-Sud 11 Centre Scientifique d’Orsay,
B. P. 34, F-91898 Orsay Cedex, France
cInstitute for Theoretical Physics, Georg-August University Go¨ttingen,
Friedrich-Hund-Platz 1, Go¨ttingen, D-37077 Germany
E-mail: giorgio.arcadi@th.u-psud.fr, yann.mambrini@th.u-psud.fr,
richard@lal.in2p3.fr
Received December 5, 2014
Accepted February 9, 2015
Published March 11, 2015
Abstract. We propose to generalize the extensions of the Standard Model where the Z
boson serves as a mediator between the Standard Model sector and the dark sector χ. We
show that, like in the Higgs portal case, the combined constraints from the recent direct
searches restrict severely the nature of the coupling of the dark matter to the Z boson
and set a limit mχ & 200 GeV (except in a very narrow region around the Z-pole region).
Using complementarity between spin dependent, spin independent and FERMI limits, we
predict the nature of this coupling, more specifically the axial/vectorial ratio that respects
a thermal dark matter coupled through a Z-portal while not being excluded by the current
observations. We also show that the next generation of experiments of the type LZ or
XENON1T will test Z-portal scenario for dark matter mass up to 2 TeV. The condition of
a thermal dark matter naturally predicts the spin-dependent scattering cross section on the
neutron to be σSDχn ' 10−40 cm2, which then becomes a clear prediction of the model and a
signature testable in the near future experiments.
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1 Introduction
The nature of the dark matter is one of the greatest puzzles in current science, once the dark
matter constitutes approximately 23% of the Universe budget. There are many dark matter
candidates in the literature, but the most seemingly promising ones are the so-called WIMPs
(Weakly Interacting Massive Particles) for having a thermal cross section at the electroweak
scale, naturally addressing the structure formation process, and being predicted in several
extensions of the Standard Model (SM). However, the key point of any extension Beyond
the Standard Model (BSM) is to understand the mechanism lying behind the processes,
namely annihilations, scatterings and possibly decays, which mantain the dark matter into
thermal and kinetic equilibrium in the early stages of the history of the Universe, prior to
its decoupling from the primordial thermal bath. These same processes may be also active
nowadays and can be probed by direct and indirect detection experiments. A microscopic
approach, contrary to the effective one [1–12], requires the presence of a mediator between
the dark and visible sectors: any (non)observation in DM experiments can then be used
to restrict the mass and coupling of the dark matter to its mediator given the condition
it is thermal. Several particles were used as a mediator in the literature, from the Higgs
boson [13–29] to the supersymmetric pseudo scalar A or scalar H [30, 31] passing through
dilaton [32–34] or Z ′ in gauge extensions of the SM [35–66]. Recently have been as well
considered, alternatively, simplified setups without explicitly identifiying the mediator with
a specific particle, see e.g. [67–71].
– 1 –
J
C
A
P03(2015)018
The Z-portal can be considered, like the Higgs portal, as a minimal extension of the
Standard Model. Indeed the Z is with the Higgs boson the only particles naturally present
in the Standard Model which are able to play the role of mediator between the visible and
the dark sector. However, the last LUX results [72], combined with the invisible width of the
Higgs excluded the Higgs-portal scenario for dark matter mass below 200 GeV [13–17].
Even if the Z-portal scenario is naturally present in a large number of extensions of the
SM (sneutrino or higgsino dark matter are Z-portal types as well as heavy neutrinos or models
involving kinetic mixing or dark photons). In general they are excluded in their minimal
version because of their strong vectorial coupling necessary to respect relic abundance bounds.
Such large vectorial couplings are indeed prohibited by direct detection limits [73]. In all these
extensions, the axial coupling Aχ (see eq. (2.1)) of the Z boson to the dark matter is naturally
of the order of magnitude of its vectorial coupling Vχ. The deep reason is that in a framework
of SU(2)L × U(1) breaking the original SU(2)L condition (Vχ = Aχ) is only mildly modified
by the dynamic of the breaking. The main idea of our work, is to generalize the Z-portal
scenario without imposing any relation between the vectorial and axial part of the coupling of
the Z-boson to the dark matter particle. We then study the nature of the coupling (vectorial
versus axial) still allowed by the combined analysis of nowadays experiments. It has been
shown recently in [74] and [29] that the presence of pure axial coupling can reopen a large
region of parameter space excluded by vectorial interactions, and we show that this is also
the case in the Z-portal scenario. A Majorana dark matter is a typical example of a particle
coupling purely axially to the Z and to which our study directly applies.
The paper is organized as follows. After a brief description of the model and our nota-
tion, we compute the annihilation cross section in a generic Z-portal dark matter scenario.
We then apply the LEP constraints on the Z-width, spin-dependent/independent direct de-
tection cross section, obtained by the LUX collaboration, and indirect detection from the
FERMI telescope. We then explore the possibility that the Z-portal scenario can explain the
excess of gamma-ray observed from the Galactic Center before concluding.
We give all the necessary analytical formulae in the appendix, whereas approximated
ones are used throughout the text to understand the physical phenomena at play. Our
numerical analysis is obviously made by using the exact equations.
2 The model
2.1 The Lagrangian
The most generic way to describe the effective interaction of a dark matter particle with the
Standard Model sector is to write the couplings in term of its vectorial and axial part. Indeed
the nature of the interaction determines completely the phenomenology of the dark sector.
We then consider the following Lagrangian:
L = g
4 cos θW
(
χγµ
(
Vχ −Aχγ5
)
χZµ + fγ
µ
(
Vf −Afγ5
)
fZµ
)
(2.1)
with g the electroweak coupling1 (g ' 0.65), Vf,χ and Af,χ the vectorial and axial charges
respectively. f represents the Standard Model fermions with:
Vf = 2
(−2qf sin2 θW + T 3f ) ; Af = 2T 3f , (2.2)
1Notice that we have extracted the gauge coupling from the definition of Vi and Ai. Indeed, we can suppose
that in an ultraviolet completion of the model (GUT-like framework), the gauge coupling should be naturally
of the order of the electroweak coupling. In the literature, some authors define giA = g×Ai (see e.g. [67, 76]).
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θW being the Weinberg angle and T
3
f the isospin number of the fermion f with electric
charge qf .
Notice that this lagrangian is not manifestly SU(2) × U(1) invariant and should be
then complemented at high energy. A very simple option consists into higher dimensional
operators coupling the DM with the Higgs boson and its covariant derivatives [29, 75] which
give eq. (2.1) when the Higgs boson aquires vev. Alternatively one can consider a kinetic
mixing scenario with the Z
′
lying at a much higher scale than the Z-boson. We will discuss
this point in more details later on.
2.2 Dark matter annihilation and PLANCK constraints
The dark matter phenomenology depends strongly on the different final states kinematically
open. For instance, as better clarified in the next subsection, in the case of fermion final states
the annihilation cross section features two s-wave contributions proportional, respectively, to
|Vχ|2 and |Aχ|2. The contribution proportional to the axial coupling is, however, helicity
suppressed such that in the case of only axial coupling between the Z and the DM the most
important contribution is the p-wave one, which is velocity dependent. This scenario is
different with respect to the conventional Higgs portal interaction, χ¯χHH, since in this case
the first non zero contribution to the annihilation cross-section is the velocity suppressed
p-wave one. Helicity suppression is instead absent for ZZ or Zh final states. We have then
distinguished three scenarios: mχ < mW , mW < mχ < (mZ+mh)/2 and (mZ+mh)/2 < mχ.
2.2.1 mχ < mW
In this case the dominant channel is the dark matter annihilation into fermion pairs mediated
by the Z boson (see figure 1). The reader can find in the appendix the general formulae for
the annihilation cross section (eq. (A.2) and (A.9)). For a Dirac dark matter one obtains:2
〈σv〉ff¯ '
g4m2χ
32pi cos2 θWm4Z
∑
f
nfc
(|Vf |2 + |Af |2)
(
1− 4m
2
χ
m2Z
)−2[
2|Vχ|2 +
|Aχ|2
(
m2b
m2χ
|Ab|2∑
f (|Vf |2 + |Af |2)
+
v2
6
)]
(2.3)
v being the relative (Mo¨ller) velocity between annihilating dark matter particles (v ' 0.24
at the decoupling time) and nfc the color number of the fermion f . We should make several
useful comments on this annihilation expression. First of all we remark that the s-wave
contribution associated to the axial coupling Aχ is helicity suppressed and then it is not
totally negligible only for the bb¯ final state, although suppressed as m2b/m
2
χ; the contribution
to the annihilation cross-section from the axial coupling is then substantially dominated by
the velocity dependent term at the decoupling time.
On the other hand, in presence of a sizable vector coupling Vχ, the DM annihilation into
fermions is rather effective and could be potentially the source of an indirect detection signal
at present time. However, as discussed below, this possibility is already excluded by the
2We obviously run the numerical analysis with the exact formulae for the annihilation cross sections, the
simplified equations are given to understand the dominant mechanisms dominating the process. Our results
have been as well validated through the package MICROMEGAS [77] (the authors want to thank particularly
A. Pukhov for the support provided).
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Figure 1. Main Feynman diagrams contributing to the annihilation of dark matter in the Z-portal
model. The dominant process are the bb¯ final state for mχ . 100 GeV and Zh process for mχ &
100 GeV.
very severe limits, from direct detection experiments, on the dark matter spin independent
cross-section, obtained by LUX, which is very sensitive to Vχ.
In the case of a Majorana dark matter the vectorial coupling cancels,3 strongly relaxing
the limits from direct detection, but implying, at the same time, poor detection prospects
for indirect detection, because of the velocity and mass suppression of the DM annihilation
cross-section. A Majorana dark matter in the Z-portal framework is then very difficult to
detect, except in accelerators searches, where the nature of the coupling does not play any
role. On the other hand, to respect relic abundance, the model needs a relatively large
axial coupling Aχ to compensate the helicity suppression and avoid overabundance of dark
matter. This situation is similar to a fermonic dark matter in the classical Higgs portal
where velocity suppression in 〈σv〉 implies a large coupling to the Higgs, that is already
excluded by spin-independent direct detection constraints as it has been shown in [13–17].
Majorana dark matter however is not yet excluded by present direct detection constraints,
as the spin-dependent bounds (depending only on the axial coupling) are much weaker than
the spin-independent ones (which are proportional to the atomic weight square A2 of the
nucleus target).
However, nothing forbids a Dirac dark matter to develop a hierarchy between its vec-
torial Vχ and axial Aχ coupling, opening a parameter space where the direct, indirect ac-
celerators and cosmological constraints are still satisfied. Indeed, the pure vectorial, or well
tempered mixed coupling to the Z is excluded since long time ago (see [73] for instance) since
the spin-independent direct detection cross section for a Z-portal with Aχ ' Vχ respecting
WMAP/PLANCK constraints [80, 81] exceeds the present limit obtained by LUX [72] or
XENON100 [82] collaborations.
As an illustration, we show in figure 2 in full line the constraint on Aχ for Aχ = Vχ,
obtained by LUX, as function of the mass of the dark matter. From eq. (2.3) we understand
that when mχ . mZ the relic abundance constraint 〈σv〉 = 〈σv〉thermal ' 2.6× 10−9 GeV−2
implies that mχ × Aχ ' const, except the Z-pole region mχ ' mZ/2 when the value of Aχ
should be particularly small since the cross-section encounters a s-channel resonance.4
For completeness, we also plotted in figure 3 the PLANCK constraints for different
values of the ratio α = |Aχ|/|Vχ|. An interesting example is the pure axial case, because less
constrained by direct detection as we will see in the next section. In this case, the dominant
3In the case of a Majorana fermion χM , χMγµχM + h.c. = 0.
4In the resonance region the velocity expansion, used for our analytical estimates, is not valid. As mentioned
our result are based on the numerical evaluation of the full expression of the annihilation cross-section,
including the Z-width in the propagator. For an analytical description of the resonance region one could refer
e.g. to [78, 79].
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Figure 2. PLANCK, Z-width, LUX and FERMI constraint i the plane (mχ, Aχ) in the case α =
Aχ/Vχ = 1. The lines corresponds to the PLANCK constraint (full red)) [81], Z-width (full grey) [83,
84], FERMI dwarf galaxies (dash-dotted red) [85] and LUX (dashed red) [72]. For definiteness we
have reported the FERMI limit relative to the b¯b final state. As evident from the plot this limit is less
stringent with respect to the one by PLANCK. This is due to the fact the for α = 1 this final state
has a branching fraction O(0.2). In the blue region the lagrangian (2.1), assuming that it arises from
the operator introduced in [29], does not provide a consistent description and should be replaced by
the UV complete model.
term in the cross section is5
〈σv〉axial '
g4m2χv
2|Aχ|2
∑
f n
f
c
(|Vf |2 + |Af |2)
96pi cos2 θWm4Z
×
(
1− 4m
2
χ
m2Z
)−2
(2.4)
= 3.2× 10−8 GeV−2|Aχ|2
(
mχ
mZ
)2(
1− 4m
2
χ
m2Z
)−2
(2.5)
and gives the cosmologically favored value 〈σv〉PLANCK ' 2.6 × 10−9 GeV−2, for e.g. mχ =
9 GeV and |Aχ| ∼ 3. As can be seen, eq. (2.5) is in agreement with the numerical result we
obtained in figure 3 for the axial case Vχ = 0.01Aχ. In order to respect the relic abundance
for a given mass, the value of the axial coupling should be much larger, order of the velocity
suppression
√
v2/6 ' 0.1, than the one required for the vectorial coupling Vχ to satisfy
the same constraint. This can also be observed on figure 3 by comparing the pure axial
(|Aχ|  |Vχ|) and the mixed case (|Aχ| = |Vχ|).
2.2.2 mW < mχ < (mZ +mh)/2
In this small (20 GeV) window, the bb¯ s-channel final state competes with the ZZ t-channel
and the WW s-channel final states (see figure 1). For mχ > mZ one obtains
6 (we let the
5One can notice that a similar pure axial analysis in the case of an extra Z′ was published in [74].
6The units will be [GeV−2] for all the observable thorough the paper, except if specified.
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Figure 3. Summary of all the constraints analyzed in this work, for different values of the ratio
α = |Aχ|/|Vχ|. The red, blue, and black solid lines correspond to the PLANCK constraints for,
respectively, α = 1, 10, 100. The dashed lines (with the same color code) represent the LUX constraint
(there is an additional green line representing the limit in the pure axial case) whereas the dot-dashed
lines are the FERMI limits, on the b¯b final state, from dwarf galaxies. The magenta dashed-line
represents the limit from FERMI corresponding to the Zh final state. In this case only one line is
reported since this annihilation channel is dominated by the axial interaction for all the values of α
considered. See the text for details.
reader to have a look at the appendix for the exact analytical formulae):
〈σv〉ZZ ' g
4
16pi cos2 θWM2Z
(
|Aχ|2|Vχ|2 + v
2
3
|Aχ|4
(
m2χ
m2Z
))
' 5.4× 10−7|Aχ|2
(
|Vχ|2 + 0.05|Aχ|2
(
m2χ
m2Z
))
〈σv〉WW ' g
4 tan θW
16piM2W
(
|Vχ|2
(
1− v
2
6
)
+|Aχ|2 v
2
3
)(
m2χ
m2W
)
' 1.8× 10−7|Vχ|2
(
m2χ
m2W
)
[GeV−2] (2.6)
for v ∼ 0.24, typical value of the Mo¨ller velocity at decoupling. However, the ZZ channel
is never the dominant one, and the WW final states dominates largely this window region.
Notice the absence of the axial coupling Aχ in the leading term of the cross-section of the
W+W− final state. Indeed, by angular momentum and CP conservation arguments, only
vectorial operators can contribute to the s-wave term. One can also remark that both cross-
sections feature (although only in the p-wave term for the ZZ channel) enhancement factors
m2χ
m2V
, V = W,Z. These originate from the longitudinal components of final state gauge bosons.
We will further develop this point in the next subsection.
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2.2.3 mχ > (mZ +mh)/2
As soon as the Zh final state is open, it largely dominates the dark matter annihilation
process, in competition with the W+W− channel. One can also notice, in figures 2 and 3,
the little “bump” for mχ = 175 GeV corresponding to the opening of the tt final state
(contributing to around 10% to the total annihilation process): one needs a lower value of
|Aχ| once the tt final state is open as this new contributions increase the dark matter depletion
at the decoupling time. The channels Zh and tt¯ are on the proportion 90% / 10 % whereas
the WW channel depends strongly on |Vχ| and thus on α. We obtain in the limit mχ > mZ
〈σv〉Zh ' 2.4× 10−8
(
m2χ
m2Z
)
|Aχ|2 [GeV−2]
〈σv〉tt¯ ' 1.7× 10−7|Aχ|2 [GeV−2] . (2.7)
We remark that one should put particular care in interpreting these results in the high
DM mass region. By increasing the DM mass, indeed, the DM annihilation cross-section
starts to be sensitive to the UV completion leading to eq. (2.1) and its behavior might be
different from the one reported. We remind in particular that the enhancement factor m2χ/m
2
V
may led to violation of unitarity unless a UV complete model, to describe consistently the
annihilation into gauge bosons at high DM masses, is adopted. For illustration we show in
figure 2, in the light blue region, the range of values of Aχ for which the lagrangian (2.1)
does not provide a reliable description, in the case it originates from the effective operator
reported in section III E with the scale of New Physics Λ set to be of the order of the EW
scale [29]. For the considered range of DM masses, analyzed in this work, our results can be
regaded as reliable.
3 Analysis
3.1 Z-width constraint
As the invisible Higgs constraint is the strongest one in the case of Higgs portal, one can
notice that the Z-width constraint is the strongest one in the Z-portal when mχ < mZ/2.
Indeed,the total width is given by ΓZ = Γ
SM
Z + Γ
χ
Z , with
ΓχZ =
g2
192pi cos2 θW
mZ
√
1− 4m
2
χ
m2Z
×
[
|Vχ|2
(
1 +
2m2χ
m2Z
)
+ |Aχ|2
(
1− 4m
2
χ
m2Z
)]
. (3.1)
Imposing that the Z-width lies within the LEP experimental bounds [83, 84] ΓZ =
2.4952 ± 0.0023 GeV, gives a limit on the non-standard invisible width, ΓχZ . 2.3 MeV. We
illustrate this constraint in the specific case |Aχ| = |Vχ| on figure 2 (solid gray line). It is
easy to compute from eq. (3.1) the relation between |Aχ| and |Vχ| induced by the condition
ΓχZ . 2.3 MeV: |Vχ|2 + |Aχ|2 = 192pi cos
2 θW
g2
ΓχZ
mZ
. 0.03. This limit is independent on the dark
matter mass, even near the threshold. For a more complete analysis, with different values
of the ratio α = Aχ/Vχ, one can have a look at figure 3: it is interesting to notice that,
contrarily to direct and indirect detection cases, the Z-width is almost insensitive to the
nature of the coupling (see eq. (3.1)): the axial and vectorial contributions are of the same
order of magnitude.
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We can then directly link the relic abundance limit with the Z-width constraint. Com-
bining eqs. (2.3) and (3.1) gives:
〈σv〉
ΓχZ
=
12g2m2χ
∑
f n
f
c
(|Vf |2 + |Af |2)
m5Z(1 + α
2)
×
[
2 + α2
(
b2
m2χ
+
v2
6
)](
1− 4m
2
χ
m2Z
)−5/2
(3.2)
with b2 =
m2b |Ab|2∑
f(|Vf |2+|Af |2)
. We can then compute the minimum value of mχ allowed by both
the relic abundance constraint of not over close the Universe (〈σv〉 ≥ 2.6 × 10−9 GeV−2)
and the Z-width to stay in the experimental limit set by LEP (ΓχZ < 2.3 MeV). In the pure
vectorial case (α = 0), one obtains mχ & 10
−6m5Z
12g2
∑
f(|Vf |2+|Af |2)
' 23 GeV, whereas the pure
axial case (α 1) gives mχ & 31.5 GeV. We can recover these values with a more complete
numerical analysis illustrated in figures 2 and 3. In the case of Majorana DM we have Vχ = 0
and the decay width of the Z into DM is reduced by a symmetry factor 1/2. This leads to a
slightly weaker limit of 28.5 GeV.
3.2 Direct detection cross section
Recently, the LUX collaboration [72] set the strongest constraints on the spin independent
(SI) as well as spin dependent (SD) dark matter-nucleon cross section. Other experiments are
still in the race like XENON100 [82] and PandaX [86] which will soon provide their new limits.
The interesting point in direct detection constraints is the complementarity between the SD
and SI searches. Indeed, contrary to the conventional Higgs portal scenario, where the scalar
interaction contributes only to the SI scattering cross-section, in the Z-portal framework one
can use a combined analysis to restrict the (Vχ,Aχ) parameter space for each value of the dark
matter mass: the SI elastic scattering cross section on a nucleon N, σSIχN being exclusively
dependent7 on Vχ whereas the SD elastic scattering being exclusively dependent on Aχ. It
becomes then possible to express the thermal cross section 〈σv〉 exclusively as function of
the physical observables σSIχN and σ
SD
χN and the mass of the dark matter particle as was done
in the case of a generic Z ′ model in [87]. It is easy to understand that the expression is of
the form 〈σv〉 ' c1 × σSIχN + c2 × σSDχN , with c1 and c2 of the same order of magnitude. The
limit on the spin independent cross section settled by LUX experiment [72] being so stringent
(almost 4 to 5 orders of magnitudes compared to the spin dependent one, also set by LUX)
that the conservative upper limit on 〈σv〉 is uniquely determined by the upper limit on σSDχN ,
and more precisely σSDχn given by LUX
8 which is the strongest spin dependent constraint9 at
present [67, 88].
We then obtain at the first order in velocity (see the appendix for the complete set of
analytical formulae) in the case of mχ & 100 GeV:
〈σv〉 ' 〈σv〉Zh ' 10
−2
αSDn
( mχ
1 GeV
)2
σSDχn (3.3)
7See the appendix for the complete set of analytical formulae.
8LUX, like other xenon-type detectors, is much more sensitive to the scattering cross section on neutrons
since the contribution from neutrons to the nuclear spin exceeds by an order of magnitude the one of protons.
9An analysis on the spin dependent constraint from χn interaction was already made in 2012 for the
XENON experiment in [89].
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where the coefficient αSDn is defined in the appendix and is given by:
αSDn =
∑
A
ηA
[
Au(∆
p
uS
A
p + ∆
p
dS
A
n ) +Ad
(
(∆pd + ∆
p
s)S
A
p + (∆
p
u + ∆
p
s)S
A
n
)]2
× 1∑
A ηA(S
A
p + S
A
n )
2
(
Au∆
p
u +Ad
(
∆pd + ∆
p
s
))2(
Au∆nu +A
d
D
(
∆nd + ∆
n
s
))2 . (3.4)
The sum is over the xenon isotopes, with relative abundance ηA. In the case of xenon
detector like LUX we have two contributions from Xe129 and Xe131 and αSDn ' 0.65.
It is interesting to notice that, the lower bound on 〈σv〉, from the requirement of non-
overclosure of the universe by a thermal relic, turns into a lower bound on σSDχn which can
be tested by future experiments. Indeed, under the conservative hypothesis 〈σv〉 & 2.6 ×
10−9 GeV−2 one obtains from eq. (3.3)
σSDχn & 1.2× 10−38 αSDn
(
100 GeV
mχ
)2
cm2 . (3.5)
Our purpose is clearly illustrated in figure 4 where we have plotted the spin dependent
scattering cross section of the dark matter on the neutron as function of the dark matter mass
in comparison with limits of COUPP [90, 91] and LUX [67] as well the expected sensitivity
for the future LZ detector [67, 92] and the determination, provided in [67], of the neutrino
background [93], which sets the maximal sensitivity achievable for this kind of direct dark
matter searches. We notice that, except for a little region around the Z-pole mass, the
Z-portal model is excluded for dark matter mass below ' 200 GeV, a situation comparable
with the Higgs-portal model [13–17]. We remark anyway that the region below the red
curve, corresponding to low values of the annihilation cross-section and thus leading to an
overabundant DM, could become allowed in presence of an extended new particle sector,
possibly leading to coannihilations or annihilation into additional final states, or, alternatively
in case of non-thermal DM production and/or non-Standard cosmological histories [94–97].
One can also better understand the situation by computing the ration α = Aχ/Vχ
necessary to respect in the meantime the LUX and PLANCK constraint, which is illustrated
in figure 5. We clearly see that, for dark matter mass below 1 TeV, α  1 which means
that the coupling of the thermal dark matter to the Z boson should be almost purely axial
to respect both constraints. It is only for mχ & 2 TeV that the vectorial nature of the dark
matter begins to be allowed due to the weakness of spin-independent limit set by LUX for
such heavy masses.
Our determination of the limits from DM Direct Detection have been validated by
complementing our analytical treatment with the numerical package described in [91].
3.3 FERMI constraint
Indirect detection of dark matter is also an efficient field to constraint extensions of the
Standard Model. The most effective limits are at the moment given by γ-ray emission in
dwarf galaxies, which can provide very strong limits on the annihilation cross-section in view
of the large dark matter / visible matter ratio in these objects. Limits on the DM annihilation
cross-section into fermion and W -boson pairs are provided by the FERMI collaboration
in [85, 98] while constraints in the other final states including gauge/higgs bosons have been
determined e.g. [99, 100].
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Figure 4. Limit on the neutron-χ spin dependent cross section s function of mχ and prospect for the
future LZ project. We also present the neutrino scattering limit [93] which is lying inside the region
where dark matter should have a non-thermal history to avoid the overclosure of the Universe.
Figure 5. Region allowed by the combined LUX/PLANCK/LEP/FERMI constraint in the plane
(α = Aχ/Vχ,mχ). We notice that, except in the Z-pole region, mχ & 130 GeV for any value of α,
and even mχ & 2 TeV for α = 1.
We show in figure 3 the constraints on the axial coupling Aχ exctracted from the
FERMI analysis, on the two channels dominating the DM pair annihilation cross-section
at present times, i.e. the bb¯, for mχ . 100 GeV, and Zh, in the high mass regions, for
|Vχ| = |Aχ|, 0.1|Aχ|, 0.01|Aχ|. We show as well the bounds from the correct relic density and
from direct detection obtained by LUX. The bounds from FERMI are much weaker especially
with respect to the ones extracted from LUX.
The impact of dark matter indirect detection, with respect to the other observables, is
evidenced in figure 6. In this figure we plotted the dark matter annihilation cross-section
at freeze-out, for three values of α = |Aχ|/|Vχ| = 1, 10, 100 while setting Vχ to the limit
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Figure 6. Maximal value, as function of the Dark Matter mass, allowed by LUX of the total
annihilation cross-section at the time of freeze-out (solid lines) and of the annihilation cross-section
at present times in the bb¯ (dashed lines) and Zh (dot-dashed lines) final states, for α =
|Aχ|
|Vχ| =
1 (Red), 10 (Blue), 100 (Magenta). The gray dashed line represents the current FERMI constraint
from observation of DSph, while the light-gray one is the projected sensitivity in 10 years. The two
violet dashed lines are the limits from antiprotons extracted from PAMELA in [103] for the “MAX”
and “MIN” choices of the propagation parameters.
imposed by LUX, together with the present time annihilation cross-sections for the most
relevant channels (bb¯ and Zh). These values are compared with the present limits [85] form
dwarf spherodial galaxies10 as well as a future projected sensitivity [101]. We can see that
the constraints from dark matter indirect detection are irrelevant, for dark matter masses
below the Zh thresold. Indeed the thermally averaged cross-section of the dark matter at
freeze-out can achieve the cosmologically favored value only for α between, approximately, 10
and 100 (in the case α = 1 the bb¯ cross-section at present time is actually of the same order of
the one at freeze-out. However the annihilation cross-section for α = 1 must be much lower
than the PLANCK favored value in order to satisfy the constraints on Vχ from LUX). For
such values of α, the W+W−, ZZ and the ff¯ final are strongly velocity dependent such that
their present time annihilation cross-sections are suppressed with respect to the cosmological
ones. The only sizable contribution is given by the bb¯ channel which, in the v → 0 limit, is
determined by its helicity suppressed s-wave term.
The situation is instead different if the Zh final state is kinematically accessible. In
such a case, the annihilation cross-section is always dominated by an unsuppressed s-wave
contribution and its present time value is not very different from the one relevant for the DM
relic density. Current indirect detection constraints in such a case limit the rise of the cross-
section with the DM mass, although the thermal value is still viable for α up to 100 and a
future increase of the sensitivity can probe thermal DM candidates for α even lower than 10.
For comparison we have also reported in figure 6 limits from antiprotons derived in [103] for
the two extremal choices, dubbed “MIN” and “MAX”, of the propagation parameters. The
10These are actually conservative limits. New preliminary results from the FERMI collaboration [102], have
set stronger constraints excluding dark matter candidates, with present time bb¯ annihilation cross-section of
the order of the thermal value, with mass below 100 GeV.
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Figure 7. Combined constraints in the plane (Vχ, Aχ) for values of mχ and 〈σv〉 as determined
in [110]: mχ ∈ [43.2, 50.4] GeV and 〈σv〉v→0(χ¯χ → bb¯) = 1.76± 0.28× 10−26 cm3s−1. The light-blue
region is excluded by LUX.
different choices of these parameters induce extremely strong uncertainties in the bounds.
We nonetheless remark that for the “MAX” choice antiprotons bounds already probe the
thermal DM region for α ∼ 100.
Galactic center signal? Recently, the authors of [104–109], reanalyzing the FERMI data
from the Galactic Center, made the claim (also confirmed more recently by [110]) of an excess
of gamma rays around the galactic center compatible a dark matter mass of ' 30− 50 GeV,
mostly annihilating into bb¯ with an annihilation cross section of 〈σv〉 ' 2× 10−26 cm3s−1.
Remarkably, this mass range substantially corresponds to the Z-pole region which, as
one can see in figure 4, is not yet excluded by LUX and respect 90% annihilation into bb¯
final state, provided that the interactions of the DM with the Z are dominated by its axial
component. We thus show in figure 7 the region in the parameter space (Vχ, Aχ) satisfying
the correct DM relic density and at the same time accounting for the GC excess, according
the determination of [110].
We clearly see that it is not possible to satisfy both requirements, while being in agree-
ment with LUX data. This is due to the fact that direct detection constraints can be satisfied
only for |Aχ|  |Vχ|. In this regime, as discussed above, the present time DM annihilation
cross-section is very different from the one at cosmological times. Their ratio can be esti-
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mated, using eq. (2.3), as:11
〈σv〉v→0
〈σv〉f.o. ≈
3
2v2f.o.
m2b
m2χ
(
m2Z − 4m2χ
)2
m4Z
|Ab|2∑
mχ>mf
(|Vf |2 + |Af |2) ' O
(
10−3
)
. (3.6)
The value of this ratio is too low to be compatible with the Galactic Center signal. Indeed
in order to reproduce it a value of the present time annihilation cross-section similar to the
cosmologically one is required, i.e. 〈σv〉v→0〈σv〉f.o. ' 1.
3.4 Accelerator constraints
The Z-portal scenario could be in principle tested at LHC through searches of associated
production events, like monojet events. However the expected prospects are rather poor.
Indeed the production cross-section are largely suppressed by the current missing energy
cuts and by kinematics at high DM masses [67, 111, 112]. Moreover it would be problematic
to disentangle the signal for background originated by Z → ν¯ν. This expectation is confirmed
by analysis like the one presented in [29] (see also [67, 113, 114] for the case of generic vector
mediator). From the results presented in these references, we have estimated a limit on |Aχ|
(for definiteness we are focussing on the scenario of pure axial coupling between the Z-boson
and the DM). The most stringent limits occur at low values of the DM mass and become
rapidly extremely weak as its value increases. For a value of the DM mass of 10 GeV we have
|Aχ| & 0.7 which is sensitively weaker than the one from the Z-width (cfr. figure (3)), while
|Aχ| exceeds O(1) for mχ & 100 GeV (|Aχ| ' 4 for mχ = 100 GeV.
Z-portal models in the low DM mass region could be probed instead at future e+e−
collider, in which an improvement in the measure of the Z invisible width is feasible [115].
3.5 Examples of models
As already mentioned in the first section, the lagrangian written in eq. (2.1), should be
regarded as just the low energy limit of a UV-complete model. A covariant formulation can
be performed in terms of effective operators. A very simple choice, although not unique (see
e.g. [116] for an alterative choice in the case in which the DM is assumed to be charged under
SU(2)×U(1)), is:
L = ig
Λ2
H†DµH [χγµ (vχ − aχγ5)χ] (3.7)
where H is the Standard Model Higgs doublet. After EW symmetry breaking we have
H†DµH → v
2
h
4 cos θW
Zµ and we thus obtain (2.1) by defining Vχ =
v2h
Λ2
vχ and Aχ analogously.
Notice this operator also adds new contribution, from a four-field contact interaction, to the
amplitude of the χχ → Zh process as well as a new annihilation channel into two Higgs
bosons with cross-section:
〈σv〉hh ≈ g
2
4pi cos θ2W
|Vχ|2
m2χ
Λ2
. (3.8)
Alternatively a renormalizable interaction between the DM and the Z boson can be ob-
tained in model with an extra U(1) gauge symmetry. The DM originally interacts with
11Notice that expression (3.6) is not strictly valid at resonance, i.e. mχ ∼ mZ2 . In this case the ratio can be
only computed numerically and his value is even lower than the one determined analytically.
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the gauge bosons of this extra symmetry in the conventional form χγµDµχ. At the same
time the kinetic mixing term δBµνB
′ µν is in general allowed by gauge invariance. After
EW symmetry breaking an interaction between the Z-boson and the DM is induced. This
would be the only relevant interaction of the dark matter with the visible sector in the case
mZ′  mZ . The lagrangian (2.1) would mimic the kinetic mixing scenario provided that
Vχ = 4qD
gD
g tan θW δ
mZ
m
Z
′ and Aχ = 0 where gD and qD are, respectively, the new gauge cou-
pling and the charge of the DM under the new gauge group. As evident in this last case we
would have a rather different phenomenology with respect to the one discussed in this paper
and would not be possible to a viable DM scenario excepted for DM masses in the multi-
TeV range. Notice that, in presence of the only vectorial coupling, the enhanchment factor
m2χ/m
2
V would be present only in the WW annihilation channel, however there are no prob-
lems with respect to unitarity because of the suppressed coupling. Interactions between the
Z-bosons and fermionic DM are also present in supersymmetric theories. Here the scenario
of pure axial couplings is naturally realized since the conventional LSP, i.e. the neutralino, is
a Majorana fermion. We remark in particular that recent studies [117–119] have found that
a partial contribution to the relic density from Z mediated annihilation can accomodate a
viable DM scenario accounting from the GC excess, although the latters require the presence
of a light CP-odd higgs as mediator of the present time annihilations.
4 Conclusion
In this work, we have studied the so-called Z-portal, where the mediator between the dark
sector and the Standard Model is the Z-boson. Our results are well summarized in the
figure 3 and 4. We showed that in the case of a hierarchy between the axial and the vec-
torial part, a part of the parameter space is still allowed. For mχ & 200 GeV, a ratio
|Vχ|/|Aχ| ' 10−2 − 10−1 is imposed by the combined constraints of LUX, PLANCK, and
FERMI collaborations, implying an almost purely axially coupled dark matter to the Z bo-
son. Within these constraints it is not possible to fit the galactic center gamma-ray signal
since the required mass corresponds to a suppressed annihilation cross-section at present
times. For heavier masses of the dark matter candidate (mχ & 1 TeV), universal coupling
(|Aχ| ' |Vχ|) are still allowed. The next generation of experiments will be able to test/exclude
completely the Z-portal extension for dark matter masses below 2-3 TeV.
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A DM-nucleon scattering cross-sections
The SI and SD components of the DM scattering cross-section with proton and neutrons are
given by:
σpSI =
g4|Vχ|2µ2χp
4 cos2 θWpim4Z
∑
A ηAA
2
[
Vu
(
1 + ZA
)
+ Vd
(
2− ZA
)]2
∑
A ηAA
2
, σnSI = σ
p
SI
µ2χn
µ2χp
(2Vu + Vd)
2
(Vu + 2Vd)
2
σpSD =
3g4µ2χp|Aχ|2
4 cos2 θWpim4Z
∑
A ηA
[
Au(∆
p
uSAp + ∆
p
dS
A
n ) +Ad
(
(∆pd + ∆
p
s)SAp + (∆
p
u + ∆
p
s)SAn
)]2
∑
A ηA(S
A
p + S
A
n )
2
,
σnSD = σ
p
SI
µ2χn
µ2χp
(
Au∆
p
u +Ad
(
∆pd + ∆
p
s
))2(
Au∆nu +Ad
(
∆nd + ∆
n
s
))2 (A.1)
where the extra factors depending on Z and A, for the SI case, and SAp,n, i.e. the proton and
neutron contributions to the nucleus spin, in the SD case, have been introduced in order to
directly compare these cross-sections with the experimental results, since these customarily
assume equal interactions of the DM with proton and neutrons. This is not the case of Z-
portal scenarios. The sums run over the isotopes, with relative abundace ηA, of the target
material [120]. In the case of SD cross-section only the isotopes with odd number of nucleons
give non-zero contribution.
A.1 Annihilation cross sections
The DM annihilates into fermion pairs. We identify the following three contributions to the
pair annihilation cross-section:
σ(s)VV =
1
192pi cos2 θW
nfc |Vχ|2|Vf |2
g4s(
s−m2Z
)2
+m2ZΓ
2
Z
√
1− 4µ2f√
1− 4µ2χ
[(
1 + 2µ2χ
) (
1 + 2µ2f
)]
σ(s)VA =
1
192pi cos2 θW
nfc
g4s(
s−m2Z
)2
+m2ZΓ
2
Z
√
1− 4µ2f√
1− 4µ2χ
[|Vχ|2|Af |2 (1− 4µ2f) (1 + 2µ2χ)
+|Aχ|2|Vf |2β2
(
1 + 2µ2f
)]
σ(s)AA =
1
192pi cos2 θW
nfc
g4s(
s−m2Z
)2
+m2ZΓ
2
Z
√
1− 4µ2f√
1− 4µ2χ
|Aχ|2|Af |2
[
β2 + 28µ2fµ
2
χ
+12µ2fµ
2
χ
s2
m4Z
− 4µ2f
(
1 + 6µ2χ
s
mZ
)]
(A.2)
where µf,χ =
mf,χ√
s
and β =
√
1− 4µ2χ.
We can correlate these contributions to the annihilation cross-section to the scattering
cross section of the DM as:
σ(s)VV =
∑
mf<mχ
nfc
1
48µ2χ−p
|Vf |2
σSIχ−p
αSIZ,A
m4Zs(
s−m2Z
)2
+m2ZΓ
2
Z
√
1− 4µ2f√
1− 4µ2χ
[(
1 + 2µ2χ
) (
1 + 2µ2f
)]
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σ(s)VA =
∑
mf<mχ
nfc
1
48µ2χ−p
m4Zs(
s−m2Z
)2
+m2ZΓ
2
Z
√
1− 4µ2f√
1− 4µ2χ
×
[
σSIχ−p
αSIZ,A
|Af |2
(
1− 4µ2f
) (
1 + 2µ2χ
)
+
σSDχ−p
3αSDZ,A
|Vf |2β2
(
1 + 2µ2f
)]
σ(s)AA =
∑
mf<mχ
nfc
1
48µ2χ−p
m4Zs(
s−m2Z
)2
+m2ZΓ
2
Z
√
1− 4µ2f√
1− 4µ2χ
× σ
SD
χ−p
3αSDZ,A
|Af |2
[
β2 + 28µ2fµ
2
χ + 12µ
2
fµ
2
χ
s2
m4Z
− 4µ2f
(
1 + 6µ2χ
s
mZ
)]
. (A.3)
The thermal average is defined as:
〈σv〉 = 1
8m4χTK2
(mχ
T
)2 ∫ ∞
4m2χ
dsσ(s)
√
s
(
s− 4m2χ
)
K1
(√
s
T
)
. (A.4)
A.1.1 Velocity expansion of the annihilation cross section
Away from resonances, a manageable analytical expression for the thermally averaged pair
annihilation cross section is obtained by performing the formal velocity expansion, in the non-
relativistic limit, as defined in [79]. The thermally averaged cross section can be computed as:
〈σv〉 = 2x
3/2
pi1/2
∫ ∞
0
σvlab
1/2e−x (A.5)
where:
vlab =
21/2(1 + )1/2
(1 + 2)
 =
s− 4m2χ
4m2χ
x =
mχ
T
. (A.6)
This kind of integral can be analytically computed by considering an expansion in series of
 of σvlab, namely:
σvlab = a0 + a1+ a2
2 · · · (A.7)
for our computation the first two terms of the expansion are relevant. These are given by:
a0 =
g4
16 cos2 θW
2
√
m2χ−m2f
4pim4Zmχ
(
m2Z−4m2χ
)2
×
(
|Af |2|Aχ|2m2f
(
m2Z−4m2χ
)2
+m4Z |Vχ|2
(
2|Af |2
(
m2χ−m2f
)
+|Vf |2
(
m2f+2m
2
χ
)))
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a1 = − g
4
16 cos2 θW
1
12pim4Zmχ
√
m2χ−m2f
(
m2Z−4m2χ
)3(|Af |2 (2m4Z |Vχ|2(mf−mχ)(mf+mχ) (−2m2χ (46m2f+m2Z)
+11m2fm
2
Z+56m
4
χ
)−|Aχ|2 (m2Z−4m2χ) (23m4fm4Z−4m2fm2Zm2χ (30m2f+7m2Z)
−192m2fm6χ+8m4χ
(
30m4f+12m
2
fm
2
Z+m
4
Z
)))
+m4Z |Vf |2
(
4|Aχ|2
(
m4f+m
2
fm
2
χ−2m4χ
) (
m2Z−4m2χ
)
+|Vχ|2
(−11m4fm2Z+4m4χ (14m2f+m2Z)−2m2fm2χ (m2Z−46m2f)−112m6χ))) . (A.8)
As evident, the contribution to the 0th−order term proportional to the DM axial cou-
pling is proportional to the SM fermion mass, and thus suppressed, while the corresponding
1st-order term not. A reliable computation thus requires an expansion featuring at least the
first two orders. Plugging the result above into the integral (A.5) we obtain the thermally
averaged annihilation cross section up to the O(v2):
〈σv〉ff = g
4
16 cos2 θW
∑
mf<mχ
Nfc
√
m2χ −m2f
2
(
|Af |2|Aχ|2m2f
(
m2Z − 4m2χ
)2
+m4Z |Vχ|2
(
2|Af |2
(
m2χ −m2f
)
+ |Vf |2
(
m2f + 2m
2
χ
)))
4pimχm4Z
(
m2Z − 4m2χ
)2
− 1
24pimχm4Z
√
m2χ −m2f
(
m2Z − 4m2χ
)3 v2 (|Af |2 (2m4Z |Vχ|2(mf −mχ)(mf +mχ)(−2m2χ (46m2f +m2Z)+ 11m2fm2Z + 56m4χ)− |Aχ|2 (m2Z − 4m2χ)(
23m4fm
4
Z − 192m2fm6χ − 4m2fm2χm2Z
(
30m2f + 7m
2
Z
)
+ 8m4χ
(
30m4f + 12m
2
fm
2
Z +m
4
Z
)))
+m4Z |Vf |2
(
4|Aχ|2
(
m4f +m
2
fm
2
χ − 2m4χ
) (
m2Z − 4m2χ
)
+|Vχ|2
(−11m4fm2Z + 4m4χ (14m2f +m2Z)− 2m2fm2χ (m2Z − 46m2f)− 112m6χ))) (A.9)
where v =
√
3T/mχ.
The other annihilation channels can be evaluated through an analogous procedure.
By increasing the DM mass first opens the annihilation channel into two W-bosons whose
thermally averaged cross-section is:
〈σv〉W+W− = piαe.m.4 tan θW cos2 θW g
2σ˜W+W−
σ˜W+W− =
|Vχ|2
√
m2χ −m2W
(−3m6W−17m4Wm2χ+16m2Wm4χ+4m6χ)
4pim4Wmχ
(
m2Z−4m2χ
)2
v2
√
m2χ−m2W
48pim4Wmχ
(
m2Z−4m2χ
)3 (4|Aχ|2 (−3m6W−17m4Wm2χ+16m2Wm4χ+4m6χ) (m2Z−4m2χ)
+|Vχ|2
(
33m6Wm
2
Z+8m
6
χ
(
58m2W +5m
2
Z
)
+4m2Wm
4
χ
(
19m2Z−298m2W
)
+2m4Wm
2
χ
(
47m2Z−138m2W
)
+ 32m8χ
))
. (A.10)
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In the case mχ > mZ we have to add the contribution of the χχ→ ZZ annihilation:
〈σv〉ZZ = g
2
16 cos2 θW
(
m2χ −m2Z
)3/2 (|Aχ|4m2Z + 2|Aχ|2|Vχ|2 (4m2χ − 3m2Z)+m2Z |Vχ|4)
2pimχ
(
m3Z − 2m2χmZ
)2 +
1
24pimχ
(
m3Z − 2m2χmZ
)4 v2√m2χ −m2Z (|Aχ|4 (128m10χ + 23m10Z − 118m2χm8Z + 172m4χm6Z
+32m6χm
4
Z − 192m8χm2Z
)
−2|Aχ|2m2Z |Vχ|2
(
160m8χ + 21m
8
Z − 182m2χm6Z + 508m4χm4Z − 528m6χm2Z
)
+m6Z |Vχ|4
(
76m4χ + 23m
4
Z − 66m2χm2Z
))
. (A.11)
For the highest values of the DM masses we have finally to add the contribution of Zh
channel. The corresponding cross-section is given by:
〈σv〉Zh = 4m
4
Z
v2h
g2
16 cos2 θW
σ˜Zh
σ˜Zh =
√
m4h−2m2h
(
4m2χ+m
2
Z
)
+
(
m2Z−4m2χ
)2
3072pim4χm
6
Z
3|Aχ|2(m4h−2m2h (4m2χ+m2Z)+(m2Z−4m2χ)2)
+
3m4Z |Vχ|2
(
−8m2χ
(
m2h−5m2Z
)
+
(
m2h−m2Z
)2
+16m4χ
)
(
m2Z−4m2χ
)2

−
v2
√
m4h−2m2h
(
4m2χ+m
2
Z
)
+
(
m2Z−4m2χ
)2
3072pim4χm
6
Z
(
m2Z−4m2χ
)3 (
(mh−mZ)2−4m2χ
) (
(mh+mZ)2−4m2χ
)(
|Aχ|2
(
m2Z−4m2χ
) (−96m6χ (5m2h+7m2Z)+5m4Z (m2h−m2Z)2+8m4χ (12m4h+6m2hm2Z+43m4Z)
−2m2χm2Z
(
24m4h−37m2hm2Z+59m4Z
)
+384m8χ
) (
m4h−2m2h
(
4m2χ+m
2
Z
)
+
(
m2Z−4m2χ
)2)
+m4Z |Vχ|2
(
128m8χ
(
37m2h−82m2Z
)
+5m2Z
(
m2h−m2Z
)4
+32m6χ
(−69m4h+217m2hm2Z+242m4Z)
+2m2χ
(
m2h−m2Z
)2 (−16m4h+m2hm2Z+37m4Z)+8m4χ (55m6h−178m4hm2Z+147m2hm4Z−200m6Z)
−3584m10χ
))
(A.12)
and vh is the vev of the Higgs.
References
[1] M. Beltra´n, D. Hooper, E.W. Kolb, Z.A.C. Krusberg and T.M.P. Tait, Maverick dark matter at
colliders, JHEP 09 (2010) 037 [arXiv:1002.4137] [INSPIRE].
[2] J. Goodman, M. Ibe, A. Rajaraman, W. Shepherd, T.M.P. Tait and H.B. Yu, Constraints on
Light Majorana dark Matter from Colliders, Phys. Lett. B 695 (2011) 185 [arXiv:1005.1286]
[INSPIRE].
[3] J. Goodman, M. Ibe, A. Rajaraman, W. Shepherd, T.M.P. Tait and H.B. Yu, Constraints on
Dark Matter from Colliders, Phys. Rev. D 82 (2010) 116010 [arXiv:1008.1783] [INSPIRE].
[4] P.J. Fox, R. Harnik, J. Kopp and Y. Tsai, LEP Shines Light on Dark Matter, Phys. Rev. D 84
(2011) 014028 [arXiv:1103.0240] [INSPIRE].
[5] Y. Mambrini and B. Zaldivar, When LEP and Tevatron combined with WMAP and XENON100
shed light on the nature of Dark Matter, JCAP 10 (2011) 023 [arXiv:1106.4819] [INSPIRE].
– 18 –
J
C
A
P03(2015)018
[6] A. Rajaraman, W. Shepherd, T.M.P. Tait and A.M. Wijangco, LHC Bounds on Interactions of
Dark Matter, Phys. Rev. D 84 (2011) 095013 [arXiv:1108.1196] [INSPIRE].
[7] P.J. Fox, R. Harnik, J. Kopp and Y. Tsai, Missing Energy Signatures of Dark Matter at the
LHC, Phys. Rev. D 85 (2012) 056011 [arXiv:1109.4398] [INSPIRE].
[8] I.M. Shoemaker and L. Vecchi, Unitarity and Monojet Bounds on Models for DAMA, CoGeNT
and CRESST-II, Phys. Rev. D 86 (2012) 015023 [arXiv:1112.5457] [INSPIRE].
[9] K. Cheung, P.-Y. Tseng, Y.-L.S. Tsai and T.-C. Yuan, Global Constraints on Effective Dark
Matter Interactions: Relic Density, Direct Detection, Indirect Detection and Collider, JCAP
05 (2012) 001 [arXiv:1201.3402] [INSPIRE].
[10] J. Kopp, E.T. Neil, R. Primulando and J. Zupan, From gamma ray line signals of dark matter
to the LHC, Phys. Dark Univ. 2 (2013) 22 [Erratum ibid. 2 (2013) 176-177] [arXiv:1301.1683]
[INSPIRE].
[11] H. Dreiner, D. Schmeier and J. Tattersall, Contact Interactions Probe Effective Dark Matter
Models at the LHC, Europhys. Lett. 102 (2013) 51001 [arXiv:1303.3348] [INSPIRE].
[12] S. Matsumoto, S. Mukhopadhyay and Y.-L.S. Tsai, Singlet Majorana fermion dark matter: a
comprehensive analysis in effective field theory, JHEP 10 (2014) 155 [arXiv:1407.1859]
[INSPIRE].
[13] Y. Mambrini, Higgs searches and singlet scalar dark matter: Combined constraints from
XENON 100 and the LHC, Phys. Rev. D 84 (2011) 115017 [arXiv:1108.0671] [INSPIRE].
[14] O. Lebedev, H.M. Lee and Y. Mambrini, Vector Higgs-portal dark matter and the invisible
Higgs, Phys. Lett. B 707 (2012) 570 [arXiv:1111.4482] [INSPIRE].
[15] A. Djouadi, O. Lebedev, Y. Mambrini and J. Quevillon, Implications of LHC searches for
Higgs-portal dark matter, Phys. Lett. B 709 (2012) 65 [arXiv:1112.3299] [INSPIRE].
[16] L. Lopez-Honorez, T. Schwetz and J. Zupan, Higgs portal, fermionic dark matter and a
Standard Model like Higgs at 125 GeV, Phys. Lett. B 716 (2012) 179 [arXiv:1203.2064]
[INSPIRE].
[17] A. Djouadi, A. Falkowski, Y. Mambrini and J. Quevillon, Direct Detection of Higgs-Portal
Dark Matter at the LHC, Eur. Phys. J. C 73 (2013) 2455 [arXiv:1205.3169] [INSPIRE].
[18] J.M. Cline, K. Kainulainen, P. Scott and C. Weniger, Update on scalar singlet dark matter,
Phys. Rev. D 88 (2013) 055025 [arXiv:1306.4710] [INSPIRE].
[19] T. Basak and T. Mondal, Constraining Minimal U(1)B−L model from Dark Matter
Observations, Phys. Rev. D 89 (2014) 063527 [arXiv:1308.0023] [INSPIRE].
[20] Z. Chacko, Y. Cui and S. Hong, Exploring a Dark Sector Through the Higgs Portal at a Lepton
Collider, Phys. Lett. B 732 (2014) 75 [arXiv:1311.3306] [INSPIRE].
[21] D. Curtin et al., Exotic decays of the 125 GeV Higgs boson, Phys. Rev. D 90 (2014) 075004
[arXiv:1312.4992] [INSPIRE].
[22] D. Cogollo, A.X. Gonzalez-Morales, F.S. Queiroz and P.R. Teles, Excluding the Light Dark
Matter Window of a 331 Model Using LHC and Direct Dark Matter Detection Data, JCAP 11
(2014) 002 [arXiv:1402.3271] [INSPIRE].
[23] F.S. Queiroz and K. Sinha, The Poker Face of the Majoron Dark Matter Model: LUX to keV
Line, Phys. Lett. B 735 (2014) 69 [arXiv:1404.1400] [INSPIRE].
[24] P.V. Dong, D.T. Huong, F.S. Queiroz and N.T. Thuy, Phenomenology of the 3-3-1-1 model,
Phys. Rev. D 90 (2014) 075021 [arXiv:1405.2591] [INSPIRE].
[25] S. Baek, P. Ko and W.-I. Park, Invisible Higgs Decay Width vs. Dark Matter Direct Detection
Cross section in Higgs Portal Dark Matter Models, Phys. Rev. D 90 (2014) 055014
[arXiv:1405.3530] [INSPIRE].
– 19 –
J
C
A
P03(2015)018
[26] T. Basak and T. Mondal, Class of Higgs-portal Dark Matter models in the light of gamma-ray
excess from Galactic center, arXiv:1405.4877 [INSPIRE].
[27] V. Keus, S.F. King, S. Moretti and D. Sokolowska, Dark Matter with Two Inert Doublets plus
One Higgs Doublet, JHEP 11 (2014) 016 [arXiv:1407.7859] [INSPIRE].
[28] N. Zhou, Z. Khechadoorian, D. Whiteson and T.M.P. Tait, Bounds on invisible Higgs boson
decay extracted from LHC tt¯H production data, Phys. Rev. Lett. 113 (2014) 151801
[arXiv:1408.0011] [INSPIRE].
[29] A. De Simone, G.F. Giudice and A. Strumia, Benchmarks for Dark Matter Searches at the
LHC, JHEP 06 (2014) 081 [arXiv:1402.6287] [INSPIRE].
[30] S. Bhattacharya, U. Chattopadhyay, D. Choudhury, D. Das and B. Mukhopadhyaya,
Non-universal scalar mass scenario with Higgs funnel region of SUSY dark matter: A
Signal-based analysis for the Large Hadron Collider, Phys. Rev. D 81 (2010) 075009
[arXiv:0907.3428] [INSPIRE].
[31] A. Bottino, N. Fornengo and S. Scopel, Phenomenology of light neutralinos in view of recent
results at the CERN Large Hadron Collider, Phys. Rev. D 85 (2012) 095013
[arXiv:1112.5666] [INSPIRE].
[32] Y. Bai, M. Carena and J. Lykken, Dilaton-assisted Dark Matter, Phys. Rev. Lett. 103 (2009)
261803 [arXiv:0909.1319] [INSPIRE].
[33] K. Agashe, K. Blum, S.J. Lee and G. Perez, Astrophysical Implications of a Visible Dark
Matter Sector from a Custodially Warped-GUT, Phys. Rev. D 81 (2010) 075012
[arXiv:0912.3070] [INSPIRE].
[34] A. Efrati, E. Kuflik, S. Nussinov, Y. Soreq and T. Volansky, Constraining the Higgs-Dilaton
with LHC and Dark Matter Searches, arXiv:1410.2225 [INSPIRE].
[35] R. Foot and X.-G. He, Comment on ZZ ′ mixing in extended gauge theories, Phys. Lett. B 267
(1991) 509 [INSPIRE].
[36] R. Foot, H. Lew and R.R. Volkas, A model with fundamental improper space-time symmetries,
Phys. Lett. B 272 (1991) 67 [INSPIRE].
[37] F. del Aguila, M. Masip and M. Pe´rez-Victoria, Physical parameters and renormalization of
U(1)a ×U(1)b models, Nucl. Phys. B 456 (1995) 531 [hep-ph/9507455] [INSPIRE].
[38] K.R. Dienes, C.F. Kolda and J. March-Russell, Kinetic mixing and the supersymmetric gauge
hierarchy, Nucl. Phys. B 492 (1997) 104 [hep-ph/9610479] [INSPIRE].
[39] T.G. Rizzo, Gauge kinetic mixing and leptophobic Z ′ in E6 and SO(10), Phys. Rev. D 59
(1998) 015020 [hep-ph/9806397] [INSPIRE].
[40] D. Feldman, Z. Liu and P. Nath, The Stueckelberg Z ′ Extension with Kinetic Mixing and
Milli-Charged Dark Matter From the Hidden Sector, Phys. Rev. D 75 (2007) 115001
[hep-ph/0702123] [INSPIRE].
[41] P. Langacker, The Physics of Heavy Z ′ Gauge Bosons, Rev. Mod. Phys. 81 (2009) 1199
[arXiv:0801.1345] [INSPIRE].
[42] M. Hirsch, W. Porod, L. Reichert and F. Staub, Phenomenology of the minimal
supersymmetric U(1)B−L ×U(1)R extension of the standard model, Phys. Rev. D 86 (2012)
093018 [arXiv:1206.3516] [INSPIRE].
[43] M.E. Krauss, W. Porod and F. Staub, SO(10) inspired gauge-mediated supersymmetry breaking,
Phys. Rev. D 88 (2013) 015014 [arXiv:1304.0769] [INSPIRE].
[44] E. Dudas, L. Heurtier, Y. Mambrini and B. Zaldivar, Extra U(1), effective operators, anomalies
and dark matter, JHEP 11 (2013) 083 [arXiv:1307.0005] [INSPIRE].
– 20 –
J
C
A
P03(2015)018
[45] W.-Z. Feng, G. Shiu, P. Soler and F. Ye, Probing Hidden Sectors with Stu¨ckelberg U(1) Gauge
Fields, Phys. Rev. Lett. 113 (2014) 061802 [arXiv:1401.5880] [INSPIRE].
[46] W.-Z. Feng, G. Shiu, P. Soler and F. Ye, Building a Stu¨ckelberg portal, JHEP 05 (2014) 065
[arXiv:1401.5890] [INSPIRE].
[47] J.M. Cline, G. Dupuis, Z. Liu and W. Xue, The windows for kinetically mixed Z ′-mediated dark
matter and the galactic center gamma ray excess, JHEP 08 (2014) 131 [arXiv:1405.7691]
[INSPIRE].
[48] M.T. Frandsen, F. Kahlhoefer, A. Preston, S. Sarkar and K. Schmidt-Hoberg, LHC and
Tevatron Bounds on the Dark Matter Direct Detection Cross-Section for Vector Mediators,
JHEP 07 (2012) 123 [arXiv:1204.3839] [INSPIRE].
[49] T. Han, P. Langacker, Z. Liu and L.-T. Wang, Diagnosis of a New Neutral Gauge Boson at the
LHC and ILC for Snowmass 2013, arXiv:1308.2738 [INSPIRE].
[50] S. Profumo and F.S. Queiroz, Constraining the Z ′ mass in 331 models using direct dark matter
detection, Eur. Phys. J. C 74 (2014) 2960 [arXiv:1307.7802] [INSPIRE].
[51] A. Alves, S. Profumo and F.S. Queiroz, The dark Z
′
portal: direct, indirect and collider
searches, JHEP 04 (2014) 063 [arXiv:1312.5281] [INSPIRE].
[52] N. Chen, Y. Zhang, Q. Wang, G. Cacciapaglia, A. Deandrea and L. Panizzi, Higgsphobic and
fermiophobic Z ′ as a single dark matter candidate, JHEP 05 (2014) 088 [arXiv:1403.2918]
[INSPIRE].
[53] A.A. Abdelalim, A. Hammad and S. Khalil, B-L heavy neutrinos and neutral gauge boson Z ′ at
the LHC, Phys. Rev. D 90 (2014) 115015 [arXiv:1405.7550] [INSPIRE].
[54] G.D. La Rochelle and M. Elmer, Heavy Z ′: resonant versus non-resonant searches,
arXiv:1406.2547 [INSPIRE].
[55] M. Fairbairn and J. Heal, Complementarity of dark matter searches at resonance, Phys. Rev. D
90 (2014) 115019 [arXiv:1406.3288] [INSPIRE].
[56] M. Cicoli, M. Goodsell, J. Jaeckel and A. Ringwald, Testing String Vacua in the Lab: From a
Hidden CMB to Dark Forces in Flux Compactifications, JHEP 07 (2011) 114
[arXiv:1103.3705] [INSPIRE].
[57] M. Goodsell, J. Jaeckel, J. Redondo and A. Ringwald, Naturally Light Hidden Photons in
LARGE Volume String Compactifications, JHEP 11 (2009) 027 [arXiv:0909.0515] [INSPIRE].
[58] S.A. Abel, M.D. Goodsell, J. Jaeckel, V.V. Khoze and A. Ringwald, Kinetic Mixing of the
Photon with Hidden U(1)s in String Phenomenology, JHEP 07 (2008) 124 [arXiv:0803.1449]
[INSPIRE].
[59] S. Cassel, D.M. Ghilencea and G.G. Ross, Electroweak and Dark Matter Constraints on a Z ′ in
Models with a Hidden Valley, Nucl. Phys. B 827 (2010) 256 [arXiv:0903.1118] [INSPIRE].
[60] S. Andreas, M.D. Goodsell and A. Ringwald, Dark matter and dark forces from a
supersymmetric hidden sector, Phys. Rev. D 87 (2013) 025007 [arXiv:1109.2869] [INSPIRE].
[61] B. Holdom, Two U(1)’S and Epsilon Charge Shifts, Phys. Lett. B 166 (1986) 196 [INSPIRE].
[62] B.A. Dobrescu, Massless gauge bosons other than the photon, Phys. Rev. Lett. 94 (2005)
151802 [hep-ph/0411004] [INSPIRE].
[63] T. Cohen, D.J. Phalen, A. Pierce and K.M. Zurek, Asymmetric Dark Matter from a GeV
Hidden Sector, Phys. Rev. D 82 (2010) 056001 [arXiv:1005.1655] [INSPIRE].
[64] C.-W. Chiang, T. Nomura and J. Tandean, Dark Matter and Higgs Boson in a Model with
Discrete Gauge Symmetry, Phys. Rev. D 87 (2013) 073004 [arXiv:1205.6416] [INSPIRE].
– 21 –
J
C
A
P03(2015)018
[65] C.-W. Chiang, T. Nomura and J. Tandean, Nonabelian Dark Matter with Resonant
Annihilation, JHEP 01 (2014) 183 [arXiv:1306.0882] [INSPIRE].
[66] A. Bhattacharya, R. Gandhi and A. Gupta, The Direct Detection of Boosted Dark Matter at
High Energies and PeV events at IceCube, arXiv:1407.3280 [INSPIRE].
[67] O. Buchmueller, M.J. Dolan, S.A. Malik and C. McCabe, Characterising dark matter searches
at colliders and direct detection experiments: Vector mediators, JHEP 01 (2015) 037
[arXiv:1407.8257] [INSPIRE].
[68] J. Abdallah et al., Simplified Models for Dark Matter and Missing Energy Searches at the LHC,
arXiv:1409.2893 [INSPIRE].
[69] M.R. Buckley, D. Feld and D. Goncalves, Scalar Simplified Models for Dark Matter, Phys. Rev.
D 91 (2015) 015017 [arXiv:1410.6497] [INSPIRE].
[70] G. Busoni, A. De Simone, T. Jacques, E. Morgante and A. Riotto, Making the Most of the
Relic Density for Dark Matter Searches at the LHC 14 TeV Run, arXiv:1410.7409 [INSPIRE].
[71] P. Harris, V.V. Khoze, M. Spannowsky and C. Williams, Constraining Dark Sectors at
Colliders: Beyond the Effective Theory Approach, arXiv:1411.0535 [INSPIRE].
[72] LUX collaboration, D.S. Akerib et al., First results from the LUX dark matter experiment at
the Sanford Underground Research Facility, Phys. Rev. Lett. 112 (2014) 091303
[arXiv:1310.8214] [INSPIRE].
[73] T. Falk, K.A. Olive and M. Srednicki, Heavy sneutrinos as dark matter, Phys. Lett. B 339
(1994) 248 [hep-ph/9409270] [INSPIRE].
[74] O. Lebedev and Y. Mambrini, Axial dark matter: The case for an invisible Z ′, Phys. Lett. B
734 (2014) 350 [arXiv:1403.4837] [INSPIRE].
[75] R.C. Cotta, J.L. Hewett, M.P. Le and T.G. Rizzo, Bounds on Dark Matter Interactions with
Electroweak Gauge Bosons, Phys. Rev. D 88 (2013) 116009 [arXiv:1210.0525] [INSPIRE].
[76] A. Berlin, D. Hooper and S.D. McDermott, Simplified Dark Matter Models for the Galactic
Center Gamma-Ray Excess, Phys. Rev. D 89 (2014) 115022 [arXiv:1404.0022] [INSPIRE].
[77] G. Be´langer, F. Boudjema, A. Pukhov and A. Semenov, MicrOMEGAs3: A program for
calculating dark matter observables, Comput. Phys. Commun. 185 (2014) 960
[arXiv:1305.0237] [INSPIRE].
[78] K. Griest and D. Seckel, Three exceptions in the calculation of relic abundances, Phys. Rev. D
43 (1991) 3191 [INSPIRE].
[79] P. Gondolo and G. Gelmini, Cosmic abundances of stable particles: Improved analysis, Nucl.
Phys. B 360 (1991) 145 [INSPIRE].
[80] WMAP collaboration, G. Hinshaw et al., Nine-Year Wilkinson Microwave Anisotropy Probe
(WMAP) Observations: Cosmological Parameter Results, Astrophys. J. Suppl. 208 (2013) 19
[arXiv:1212.5226] [INSPIRE].
[81] Planck collaboration, P.A.R. Ade et al., Planck 2013 results. XVI. Cosmological parameters,
Astron. Astrophys. 571 (2014) A16 [arXiv:1303.5076] [INSPIRE].
[82] XENON100 collaboration, E. Aprile et al., Dark Matter Results from 225 Live Days of
XENON100 Data, Phys. Rev. Lett. 109 (2012) 181301 [arXiv:1207.5988] [INSPIRE].
[83] Particle Data Group collaboration, K.A. Olive et al., Review of Particle Physics, Chin.
Phys. C 38 (2014) 090001.
[84] M.S. Carena, A. de Gouveˆa, A. Freitas and M. Schmitt, Invisible Z boson decays at e+e−
colliders, Phys. Rev. D 68 (2003) 113007 [hep-ph/0308053] [INSPIRE].
– 22 –
J
C
A
P03(2015)018
[85] Fermi-LAT collaboration, M. Ackermann et al., Dark matter constraints from observations of
25 Milky Way satellite galaxies with the Fermi Large Area Telescope, Phys. Rev. D 89 (2014)
042001 [arXiv:1310.0828] [INSPIRE].
[86] PandaX collaboration, M. Xiao et al., First dark matter search results from the PandaX-I
experiment, Sci. China Phys. Mech. Astron. 57 (2014) 2024 [arXiv:1408.5114] [INSPIRE].
[87] G. Arcadi, Y. Mambrini, M.H.G. Tytgat and B. Zaldivar, Invisible Z ′ and dark matter: LHC
vs LUX constraints, JHEP 03 (2014) 134 [arXiv:1401.0221] [INSPIRE].
[88] S. Malik et al., Interplay and Characterization of Dark Matter Searches at Colliders and in
Direct Detection Experiments, arXiv:1409.4075 [INSPIRE].
[89] M. Garny, A. Ibarra, M. Pato and S. Vogl, On the spin-dependent sensitivity of XENON100,
Phys. Rev. D 87 (2013) 056002 [arXiv:1211.4573] [INSPIRE].
[90] COUPP collaboration, E. Behnke et al., First Dark Matter Search Results from a 4-kg CF3I
Bubble Chamber Operated in a Deep Underground Site, Phys. Rev. D 86 (2012) 052001
[arXiv:1204.3094] [INSPIRE].
[91] M. Cirelli, E. Del Nobile and P. Panci, Tools for model-independent bounds in direct dark
matter searches, JCAP 10 (2013) 019 [arXiv:1307.5955] [INSPIRE].
[92] D.C. Malling et al., After LUX: The LZ Program, arXiv:1110.0103 [INSPIRE].
[93] J. Billard, L. Strigari and E. Figueroa-Feliciano, Implication of neutrino backgrounds on the
reach of next generation dark matter direct detection experiments, Phys. Rev. D 89 (2014)
023524 [arXiv:1307.5458] [INSPIRE].
[94] G.B. Gelmini and P. Gondolo, Neutralino with the right cold dark matter abundance in (almost)
any supersymmetric model, Phys. Rev. D 74 (2006) 023510 [hep-ph/0602230] [INSPIRE].
[95] G. Gelmini, P. Gondolo, A. Soldatenko and C.E. Yaguna, The effect of a late decaying scalar
on the neutralino relic density, Phys. Rev. D 74 (2006) 083514 [hep-ph/0605016] [INSPIRE].
[96] G. Arcadi and P. Ullio, Accurate estimate of the relic density and the kinetic decoupling in
non-thermal dark matter models, Phys. Rev. D 84 (2011) 043520 [arXiv:1104.3591] [INSPIRE].
[97] X. Chu, Y. Mambrini, J. Quevillon and B. Zaldivar, Thermal and non-thermal production of
dark matter via Z ′-portal(s), JCAP 01 (2014) 034 [arXiv:1306.4677] [INSPIRE].
[98] Fermi-LAT collaboration, M. Ackermann et al., Constraining Dark Matter Models from a
Combined Analysis of Milky Way Satellites with the Fermi Large Area Telescope, Phys. Rev.
Lett. 107 (2011) 241302 [arXiv:1108.3546] [INSPIRE].
[99] M.A. Fedderke, E.W. Kolb, T. Lin and L.-T. Wang, Gamma-ray constraints on dark-matter
annihilation to electroweak gauge and Higgs bosons, JCAP 01 (2014) 001 [arXiv:1310.6047]
[INSPIRE].
[100] A. Geringer-Sameth, S.M. Koushiappas and M.G. Walker, A Comprehensive Search for Dark
Matter Annihilation in Dwarf Galaxies, arXiv:1410.2242 [INSPIRE].
[101] G. Gomez, private communication.
[102] B. Anderson, A Search for Dark Matter Annihilation in Dwarf Spheroidal Galaxies with Pass
8 Data, talk at FERMI Symposium, Nagoya, Japan, 24 October 2014,
http://fermi.gsfc.nasa.gov/science/mtgs/symposia/2014/program/17 Anderson.pdf.
[103] N. Fornengo, L. Maccione and A. Vittino, Constraints on particle dark matter from cosmic-ray
antiprotons, JCAP 04 (2014) 003 [arXiv:1312.3579] [INSPIRE].
[104] T. Daylan et al., The Characterization of the Gamma-Ray Signal from the Central Milky Way:
A Compelling Case for Annihilating Dark Matter, arXiv:1402.6703 [INSPIRE].
– 23 –
J
C
A
P03(2015)018
[105] D. Hooper and L. Goodenough, Dark Matter Annihilation in The Galactic Center As Seen by
the Fermi Gamma Ray Space Telescope, Phys. Lett. B 697 (2011) 412 [arXiv:1010.2752]
[INSPIRE].
[106] D. Hooper and T. Linden, On The Origin Of The Gamma Rays From The Galactic Center,
Phys. Rev. D 84 (2011) 123005 [arXiv:1110.0006] [INSPIRE].
[107] K.N. Abazajian and M. Kaplinghat, Detection of a Gamma-Ray Source in the Galactic Center
Consistent with Extended Emission from Dark Matter Annihilation and Concentrated
Astrophysical Emission, Phys. Rev. D 86 (2012) 083511 [Erratum ibid. D 87 (2013) 129902]
[arXiv:1207.6047] [INSPIRE].
[108] C. Gordon and O. Macias, Dark Matter and Pulsar Model Constraints from Galactic Center
Fermi-LAT Gamma Ray Observations, Phys. Rev. D 88 (2013) 083521 [arXiv:1306.5725]
[INSPIRE].
[109] K.N. Abazajian, N. Canac, S. Horiuchi and M. Kaplinghat, Astrophysical and Dark Matter
Interpretations of Extended Gamma-Ray Emission from the Galactic Center, Phys. Rev. D 90
(2014) 023526 [arXiv:1402.4090] [INSPIRE].
[110] F. Calore, I. Cholis and C. Weniger, Background model systematics for the Fermi GeV excess,
arXiv:1409.0042 [INSPIRE].
[111] P.J. Fox and C. Williams, Next-to-Leading Order Predictions for Dark Matter Production at
Hadron Colliders, Phys. Rev. D 87 (2013) 054030 [arXiv:1211.6390] [INSPIRE].
[112] CMS collaboration, Search for dark matter, extra dimensions and unparticles in monojet
events in proton-proton collisions at
√
s = 8 TeV, arXiv:1408.3583 [INSPIRE].
[113] D. Hooper, Z ′ Mediated Dark Matter Models for the Galactic Center Gamma-Ray Excess,
Phys. Rev. D 91 (2015) 035025 [arXiv:1411.4079] [INSPIRE].
[114] A. Alves, A. Berlin, S. Profumo and F.S. Queiroz, Dark Matter Complementarity and the Z ′
Portal, arXiv:1501.03490 [INSPIRE].
[115] F. Richard, G. Arcadi and Y. Mambrini, Search for Dark Matter at Colliders,
arXiv:1411.0088 [INSPIRE].
[116] N. Nagata and S. Shirai, Electroweakly-Interacting Dirac Dark Matter, arXiv:1411.0752
[INSPIRE].
[117] C. Cheung, M. Papucci, D. Sanford, N.R. Shah and K.M. Zurek, NMSSM Interpretation of
the Galactic Center Excess, Phys. Rev. D 90 (2014) 075011 [arXiv:1406.6372] [INSPIRE].
[118] J. Guo, J. Li, T. Li and A.G. Williams, NMSSM Explanations of the Galactic Gamma Ray
Excess and Promising LHC Searches, arXiv:1409.7864 [INSPIRE].
[119] J. Cao, L. Shang, P. Wu, J.M. Yang and Y. Zhang, SUSY explanation of the Fermi Galactic
Center Excess and its test at LHC Run-II, arXiv:1410.3239 [INSPIRE].
[120] J.L. Feng, J. Kumar and D. Sanford, Xenophobic Dark Matter, Phys. Rev. D 88 (2013)
015021 [arXiv:1306.2315] [INSPIRE].
– 24 –
